A critical problem in language comprehension is mapping incoming acoustic material to words in a lexicon in which many word-forms are highly overlapping. At early points in the signal, multiple words may be consistent with the input that has been received, resulting in a temporary ambiguity that must be resolved by later input. Empirical psycholinguistic paradigms have measured the process of mapping the acoustic signal onto candidates in the mental lexicon (lexical access) and have revealed that from the earliest moments of the input, listeners consider multiple lexical candidates in parallel, which compete over time until only one remains. Such work has yielded a rich set of temporal dynamics that reveal underlying competition mechanisms (Allopenna, Magnuson, & Tanenhaus, 1998; Dahan & Gaskell, 2007; Luce & Cluff, 1998) , and these dynamics have been instantiated in a number of models (e.g., Luce, Goldinger, Auer, & Vitevitch, 2000; Luce & Pisoni, 1998; Marslen-Wilson, 1987; McClelland & Elman, 1986; Norris, 1994; Norris & McQueen, 2008) .
A limitation of this research, however, is that it has primarily examined normal-hearing listeners under ideal conditions. A wealth of studies have documented how degrading the input affects speech recognition accuracy Dorman, Loizou, & Rainey, 1997; Duquesnoy & Plomp, 1980; Hawkins & Stevens, 1950; Kalikow, Stevens, & Elliott, 1977; Loizou, Dorman, & Tu, 1999; Nittrouer & Lowenstein, 2010; Nittrouer, Lowenstein, & Packer, 2009; Pichora-Fuller, Schneider, & Daneman, 1995; Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995; Sommers, Kirk, & Pisoni, 1997) . Similarly, a number of studies have looked at how well phonemic information can be assembled into words under adverse listening conditions by asking whether word recognition accuracy can be predicted from phoneme recognition accuracy (Boothroyd & Nittrouer, 1988; Bronkhorst, Bosman, & Smoorenburg, 1993) . However, measurements of accuracy focus on the final product of word recognition, not on the temporal dynamics of how listeners achieve it, leaving it an open question as to whether the real-time properties of lexical access may differ with a degraded signal.
The present study begins to examine real-time spoken word recognition and lexical access under degraded input by analyzing the time course of spoken word recognition in a particular and important form of signal degradation: cochlear implants. We examined both adult, postlingually deafened cochlear implant (CI) users (Experiment 1) and normal hearing (NH) listeners hearing CI-simulated speech (Experiment 2). We used the visual world paradigm (VWP; Tanenhaus, Spivey-Knowlton, Eberhard, & Sedivy, 1995) to measure the temporal unfolding of lexical access, examining both the overall time course of activation and also assessing specific markers in the eye-movement record for the timing and degree of activation. The obvious hypothesis was that differences in speech processing arise when speech is degraded; however, what was not known was which specific aspects of the time course of processing would differ. We also hypothesized that these differences would not be attributable to the nature of the input alone, but also to fundamental differences in lexical processing that result from long-term experience with a CI, which we examine by comparing the findings of the two experiments. These questions are important from a theoretical perspective, as current models of lexical access were conceived around the problem of mapping a clear input to lexical candidates.
Degraded Input and Cochlear Implants
CI users must contend with a severely degraded input (see, e.g., Niparko, 2009 for more detailed information on CIs). CIs degrade frequency resolution, transmit temporal fine structure poorly, and often result in the loss of some low-frequency information (among many other degradations). CI users' long-term experience with this degradation raises the possibility that their word recognition processes reflect both the atypical input and any adaptations they have made to cope with it.
CI users are generally accurate (though variable) at recognizing speech in quiet, but recognition is not stable under difficult listening conditions, for instance in noise (Friesen, Shannon, Baskent, & Wang, 2001; Fu, Shannon, & Wang, 1998; Stickney, Zeng, Litovsky, & Assmann, 2004) or in open-set tasks (Balkany et al., 2007; Helms et al., 1997) . However, it is likely that even when they successfully recognize a word, CI users arrive at the correct end-state choice via a different route, either in terms of the cognitive processes they deploy, or in terms of the types of preliminary decisions that are made during processing. Nittrouer and Lowenstein (2012) offer hints of this. They examined the effect of degraded speech on working memory and recovery of phonetic structure. NH adults accurately identified CI-simulated words, but in a memory task, recall was slower and less accurate than with unprocessed speech, implying that higher-order processing was affected even when recognition was not overtly impaired. Similarly, in a task that required attention to phonetic structure, degraded speech slowed response time without impairing accuracy, suggesting there may be differences in how processing unfolds over time.
Examining CI users alone may not completely address the broader issue of how degraded input affects word recognition for several reasons. First, the CI may offer a unique form of degradation. Second, and perhaps more importantly, differences between NH individuals and CI users may also derive from their long-term experience with that degradation (over and above the degradation itself). CI users may tune their word recognition systems in various ways to cope with this degraded input. For example, they may keep competing lexical candidates active because they are accustomed to being uncertain and having to revise their interpretations. Indeed, there is substantial evidence of significant adaptations in long-term CI users (Dorman & Ketten, 2003; Giraud, Price, Graham, Truy, & Frackowiak, 2001; Gray, Quinn, Court, Vanat, & Baguley, 1995; Harnsberger et al., 2001; Pelizzone, Cosendai, & Tinembart, 1999; Perkell, Lane, Svirsky, & Webster, 1992; Svirsky, Silveira, Suarez, Neuberger, Lai, & Simmons, 2001; Tyler, Parkinson, Woodworth, Lowder, & Gantz, 1997; cf., Fu, Shannon, & Galvin, 2002) , but this has typically been shown with either cognitive neuroscience measures or accuracy, and there as yet has been no characterization of how the time course of lexical access may change.
One way to eliminate the effects of long-term experience is to compare CI users to NH individuals recognizing CI-simulated speech, who have not had as much time to adapt. Though it is impossible to exactly replicate electric-only hearing with an acoustic signal, simulations have often been used to make inferences about CI users or to pinpoint differences specific to CI users (Cullington & Zeng, 2008; Friesen et al., 2001; Qin & Oxenham, 2003; Stickney et al., 2004; Throckmorton & Collins, 2002; Turner, Gantz, Vidal, Behrens, & Henry, 2004) . CI-simulated speech shows many of the same qualitative degradations, and isolated word recognition performance for CI simulations is comparable with that of actual CI users Fu, Shannon, & Wang, 1998; Nelson, Jin, Carney, & Nelson, 2003; Stickney et al., 2004) . While some short-term adaptation to CI-simulated speech occurs (Davis, Johnsrude, Hervais-Adelman, Taylor, & McGettigan, 2005; Fu, Nogaki, & Galvin, 2005 ; Hervais-Adelman, Davis, Johnsrude, & Carlyon, 2008; HervaisAdelman, Davis, Johnsrude, Taylor, & Carlyon, 2011; Rosen, Faulkner, & Wilkinson, 1999) , many of these adaptations require implicit feedback, making them unlikely to occur in designs such as that used here.
Examining both CI users and CI simulation allows us to consider the effects of experience over and above the degraded signal itself. Of course, this approach assumes that the simulated speech accurately approximates the degradation caused by the CI, a point to which we will return in the discussion section. However, to the extent it differs, this comparison can also be informative by asking which properties of degraded word recognition can be seen with multiple forms of degradation. Either way, if differences are observed it clearly points the way toward future work on different forms of degradation; however, where they are not observed, this points to perhaps stable, immediate responses of the system to degradation.
Real-Time Spoken Word Recognition
The goal of this study is to precisely characterize the time course of lexical access in CI and CI simulations; here we briefly review what is known about this in typical listeners. A fundamental issue in spoken word recognition and lexical access is the sequential nature of the input-the problem of integrating information over time, and the ambiguity created by the lack of complete information at early points in the word (e.g., Marslen-Wilson, 1987) . Even assuming that the phonemes of a word are accurately encoded, the fact that those phonemes arrive over time raises questions about how and when the lexicon is accessed. For instance, do listeners wait until they have heard the entire word before accessing a single lexical entry, or do they access candidates earlier using partial information?
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Under ideal listening conditions, listeners activate potential matches as soon as the earliest input is received and can often recognize a word before it is heard in its entirety (Grosjean, 1980; Marslen-Wilson, 1973; Marslen-Wilson & Tyler, 1980; McMurray, Clayards, Tanenhaus, & Aslin, 2008) . Because multiple words may match the signal at early points in time, multiple lexical candidates are initially activated (Allopenna et al., 1998; Dahan & Gaskell, 2007; Dahan, Magnuson, Tanenhaus, & Hogan, 2001; Marslen-Wilson, 1987; Marslen-Wilson, 1990; McMurray, Samelson, Lee, & Tomblin, 2010; Spivey, Grosjean, & Knoblich, 2005; Zwitserlood, 1989; Zwitserlood & Schriefers, 1995) , and this set of competitors is continually evaluated and narrowed down as more input is received (Allopenna et al., 1998; Connine, Blasko, & Titone, 1993; Dahan & Gaskell, 2007; Marslen-Wilson & Zwitserlood, 1989; McMurray et al., 2010) . Finally, some words (e.g., high-frequency words) are activated more strongly than others (Dahan & Gaskell, 2007; Grosjean, 1980; MarslenWilson, 1987; Tyler, 1984; Zwitserlood, 1989) , and more active words inhibit less active words Luce & Pisoni, 1998) . Our understanding of these temporally unfolding aspects of word recognition derives from empirical paradigms that measure how strongly listeners consider multiple lexical candidates in real time, paradigms like crossmodal priming, gating, and the visual world paradigm.
Eye Tracking and the Visual World Paradigm
In adaptations of the VWP to study word recognition (e.g., Allopenna et al., 1998; McMurray et al., 2010) , four pictures appear on a computer screen. The listener hears the name of one of them and clicks on the referent. The names for the pictures are phonologically related to the auditory stimulus, allowing the experimenter to assess classes of lexical competitors. If, for instance, the auditory stimulus were wizard, the screen might contain a picture of a wizard (the target), a lizard (a rhyme), a whistle (a cohort, which overlaps at onset), and an unrelated item like baggage. As listeners perform this task, eye movements to each object are recorded. Averaged across trials, this offers a millisecond-by-millisecond measure of the strength by which competitors are considered during recognition. Indeed, the proportion of fixations to various lexical competitors corresponds closely to activation patterns generated by models like TRACE (McClelland & Elman, 1986) when simple linking functions are employed to map activation across the whole lexicon to the words pictured on the screen (Allopenna et al., 1998; McMurray et al., 2010; McMurray, Tanenhaus, & Aslin, 2009 ).
The VWP is ideal for examining clinical populations. The task is simple and does not require metalinguistic judgments. Impaired listeners typically succeed in selecting the appropriate picture, and the task has been used effectively with aphasics (Yee, Blumstein, & Sedivy, 2008) , dyslexics (Desroches, Joanisse, & Robertson, 2006) , and children with specific language impairment (McMurray et al., 2010) . It is also quite reliable, with test/retest reliabilities above .7 for some components (Farris-Trimble & McMurray, 2013) . Crucially, the VWP can reveal processing differences across groups even when responses are equally accurate, because the measure of interest is the fixations to competitors prior to the overt response (McMurray et al., 2010) . These fixations reflect ongoing processing and are typically not under the listener's conscious control. The simultaneous measures (trial-by-trial accuracy and fixations) also allow us to condition the analysis of eye-movements on whether or not the listener identified the correct word, so we can determine whether different populations reach the same correct end-state via a different route.
Experiment 1 Method
Design. Twenty-nine sets of four words were used (see Appendix A). Each set contained a base word (e.g., wizard), a cohort of the base (whistle), a rhyme of the base (lizard), and a phonologically unrelated item (baggage). The words in each set were not semantically related and were equated for number of syllables and stress pattern (all two-syllable words carried strong-weak stress). Words were selected from a number of similar experiments (e.g., Allopenna et al., 1998; McMurray et al., 2010) to offer sufficient phonetic diversity (e.g., covering the range of vowels and consonants) that our measure captured the general dynamics of lexical processing, rather than the specifics of how particular phonemes are perceived.
The four pictures in a set always appeared together, and each member of the set served as the stimulus in an equal number of trials. Each of the 116 words (29 sets ϫ 4 items) occurred as the auditory stimulus five times for a total of 580 trials. Because of the structure of the sets, there were four types of trials, with each defined by which word was the auditory stimulus (here termed target, as it was the item we expected the listener to click on). Table 1 illustrates the role of each word in the set wizard, whistle, lizard, baggage, as a function on which word was the auditory stimulus. The letters naming each trial-type refer to the relationship among the items on the screen to the auditory stimulus. For instance, in a TCRU (or Target-Cohort-Rhyme-Unrelated) trial, the base word wizard is the auditory stimulus and target; the other three items serve as wizard's cohort (whistle), rhyme (lizard), and unrelated item (baggage). In a TCUU (or Target-Cohort) trial, whistle is the auditory stimulus/target item, while wizard serves as its cohort, and lizard and baggage are both unrelated to the target. These arrangements allow us to estimate the time course over which certain types of competitors are considered across multiple trial types: targets, for example, can be examined on all four trial-types, cohorts on TCRU and TCUU trials, and rhymes on TCRU and TRUU (Target-Rhyme) trials. Crucially, while sets were reused across multiple trials, each word in a set served as the Note. T ϭ target; C ϭ cohort; R ϭ rhyme; U ϭ unrelated. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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auditory stimulus an equal number of times. As a result, the participant could not guess the target item in advance, and all words played a role in the analysis as both a target item and a competitor. Auditory stimuli. The 116 auditory stimuli were recorded by a female speaker with a standard American accent. They were recorded in a soundproof room at a sampling rate of 44100Hz using a Kay Elemetrics Computerized Speech Lab 4300B (Kay Elemetrics Corp., Lincoln Park, NJ). Stimuli were produced in the carrier phrase "He said ___" to ensure a declarative sentence intonation. Several tokens of each stimulus were obtained and the single best exemplar was isolated from the carrier phrase using both visual and auditory inspection. Stimuli were RMS amplitudenormalized and were low-pass filtered with an upper cut-off of 7.2 kHz because though the recordings were clear, at the somewhat higher volumes that most of the CI patients preferred, our playback equipment introduced a slight distortion in the high frequency ranges. Finally, 100 ms of silence were added before and after each word.
Visual stimuli. Visual stimuli came from a database of clipart pictures that underwent a rigorous selection, editing, and approval process used across multiple studies by McMurray and colleagues (Apfelbaum, Blumstein, & McMurray, 2011; McMurray et al., 2010) . The pictures were similar in style and roughly equivalent in visual saliency.
Participants. CI users were recruited from an ongoing research project conducted at the University of Iowa, and NH participants were recruited from the community through advertisement. Thirty-three adult CI users and 26 NH individuals participated. An additional six CI users were recruited but not run because of difficulty calibrating the eye-tracker (4) or insufficient familiarity with a computer (2). Of the 33 CI users, four were excluded because their RTs averaged longer than three seconds (RTs in this paradigm are usually on the order of 1200 -1400 ms: McMurray et al., 2010) . This resulted in a total of 29 CI users contributing to the analysis. None of the 26 NH listeners were excluded by these criteria.
The 29 CI users showed diverse device configurations (see Table 2 ). Four were implanted unilaterally; five received bilateral implants sequentially (at different times); 11 received bilateral implants simultaneously; eight used a hybrid hearingpreservation implant (i.e., a short-electrode implant, which preserves some low frequency hearing, often used with a hearing aid in the same ear); and one used a hybrid implant in one ear and a standard implant in the other. All participants reported normal or corrected-to-normal vision in at least one eye.
The NH controls reported normal hearing and normal or corrected-to-normal vision, and all were native monolingual speakers of American English. Because we relied on self-report rather than hearing tests, it is possible that the older NH controls had some age-related hearing loss of which they were unaware. If anything, such hearing loss might make the NH group perform more like the CI users (because the signal would be degraded, a Implant type: uni ϭ unilateral; bi-sim ϭ simultaneous bilateral; bi-seq ϭ sequential bilateral; hy-12 ϭ 10-electrode hybrid; hy-8 ϭ 8-electrode hybrid. b Implant manufacturer: AB ϭ Advanced Bionics; C ϭ Cochlear. This document is copyrighted by the American Psychological Association or one of its allied publishers.
albeit in different ways 1 ). The two hearing-groups did not differ in age (CI: M ϭ 59.7 years, range 35-81; NH: M ϭ 59.8 years, range 35-89; t Ͻ 1). Most participants were paid $30 for participation; 13 CI users received audiology services instead as part of an earlier IRB protocol.
Procedure. The experiment was implemented with Experiment Builder software (SR Research Ltd., Ontario, Canada). To control for background noise, the experiment was administered in an open-door sound-attenuated booth. Extra noise from the testing computers was minimized by replacing the fans in the eye-tracking control computer with low-noise fans. Auditory stimuli were presented through a Sound Blaster X-Fi soundcard over two frontmounted Bose loudspeakers (each at approximately a 45°angle from the midline of the participant) amplified by a Sony STR-DE197 amplifier/receiver. Volume was initially set to 65 dB, and each participant was allowed to adjust it to a comfortable level using a knob on the speaker amplifier during the practice trials 2 (described below). Stimuli were presented at a user-optimized (rather than fixed) level, and participants chose the implant program that they would normally use to listen to speech in a quiet room. Both choices were made because the focus of this study is on the process of lexical access, not the end-state accuracy, and as a result, we preferred participants to listen under conditions optimal to their performance and comfort.
Participants were seated in front of a 1280 ϫ 1024 LCD computer screen and a desktop-mounted eye-tracker. They read the instructions, and the experimenter explained the procedure and ensured that they understood the task. They performed eight practice trials before beginning the experiment. These familiarized the participants with the procedure using words and pictures that were not included in the test trials. At the beginning of each trial, the four pictures from a set appeared in the four corners of the screen. Each picture was 300 ϫ 300 pixels and located 50 pixels from the screen edge. Picture location was randomized across trials; the order of trial presentation was randomized across participants. Along with the pictures, a red dot appeared in the middle of the screen; after 500 ms, it turned blue, and the participant clicked on it to initiate the auditory stimulus. Then, the blue circle disappeared and a word played over the speakers. The participants clicked on the picture that matched the word they heard. Participants were instructed to guess if they were not sure. There was no opportunity to replay the word.
Eye tracking. Eye movements were recorded with a desktopmounted SR Research Eyelink 1000 eye-tracker (SR Research Ltd., Ontario, Canada); a chin rest was used to stabilize the head. The eye-tracker was calibrated with a 9-point procedure. To offset drift of the eye-track over time, a drift correction was performed every 29 trials. If a drift correct failed, the eye-tracker was recalibrated. The Eyelink 1000 uses the location of the pupil and corneal reflection to determine point of gaze in screen coordinates every four ms. The continuous record of gaze location was automatically classified into saccades, fixations, and blinks. As in previous studies (McMurray et al., 2002 (McMurray et al., , 2010 , each saccade was combined with the subsequent fixation into a single unit, termed a "look." A look thus lasted from the beginning of a saccade to the end of the subsequent fixation. Fixations launched during the first 300 ms of each trial (100 ms of silence at the beginning of each sound file plus 200 ms required to plan and launch an eye movement) were not included in the analysis because they could not have been driven by the auditory stimulus. The trial was deemed to end 200 ms before the mouse-click as we found a subset of participants who tended to initiate the movement toward or fixate back to the center before the actual click. We compared the screen coordinates of the looks with those of the images to determine the object of fixation. Consistent with prior work, image boundaries were extended by 100 pixels in each direction to allow for a small amount of error in the eye-track, thus capturing looks that were intended for the item. This was not large enough create overlap between images.
Results
We conducted three sets of analyses. First, we examined the accuracy and reaction time (RT) of the mouse clicks to determine the overall performance profiles of both hearing-groups. Next, we examined the pattern of fixations over time to look for gross differences between the two groups in the time course of target and competitor fixations during recognition. Finally, we identified moments in the fixation record that assessed either the timing at which each word-type was considered or ruled out or the degree to which candidates were considered.
Mouse clicks (accuracy & RT). Both groups were generally accurate, though the CI users had higher error rates on average: the CI users made errors in picture selection in 5.2% of trials (SD ϭ 5.1%; range: 0.2-20.0%), and NH controls made significantly fewer errors in 0.6% of trials (SD ϭ 1.3%; range: 0 -6.6%; t(53) ϭ 4.93, p Ͻ .001). The NH controls' highly accurate responses confirm that our stimuli were clear and audible. Adult CI users' average RT was 2134 ms (SD ϭ 367; range: 1357-2751), with control participants responding significantly faster at 1576 ms (SD ϭ 233; range: 1199 -2177; t(53) ϭ 4.24, p Ͻ .001). Importantly, even the CI users performed the task well. Only three (of 29) were less than 90% accurate (none of the NH listeners fell below this).
3 The analyses of the fixations include only correct trials, to focus on the subset of trials in which accuracy was equal-if there were still differences in the fixations, this constitutes strong evidence for underlying differences in processing. Of 31,900 total trials across both groups, 950 were excluded (CI: 867; NH: 83).
Gross time course of fixations. As a starting point, Figure 1 plots the proportion of trials in which NH participants fixated each item as a function of time on correct TCRU trials, a typical way to plot VWP data. At about 400 ms, looks to the target and cohort, both of which were consistent with the stimulus up to that point, began to diverge from the other competitors; by 500 ms, cohort 1 The specific frequencies lost in normal age-related hearing loss and CI processing differ for many listeners: age-related loss typically degrades higher frequencies, whereas CIs typically allow for better perception of high-frequency sounds than low-frequency sounds. However, our experiment was designed to look at overall differences in word recognition, rather than the recognition of particular sounds, using a stimulus set that included many types of sounds were in all positions. Thus, we do not expect such effects to play a large role.
2 Though each participant could adjust the volume levels from the initial level, few NH participants did. Some NH participants reduced the volume to approximately 60dB, whereas some CI users increased the volume up to 70 dB.
3 Removing these three subjects from subsequent analyses did not change any of the results at an ␣ level of .05. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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looks peaked and began to decline as the cohort was disambiguated from the target. Also around this time, the rhyme began to receive fixations as its similarity with the target began to play a role. Both cohort and rhyme competitors received more looks than the unrelated item (as the analyses below demonstrate statistically), suggesting that these words were being considered. Figure  2 compares the CI users and the NH group for each of the four competitors averaged across trial-types in which that type was present on the screen. It suggests that CI users were slower than the NH group to fixate the target; that CI users did not suppress looks to cohorts and rhymes as quickly as NH listeners; and that they were less likely to fixate the target toward the end of the trial and more likely to fixate other objects.
One problem with this description is that it is averaged across individuals. Nonlinear curves like this may not reflect the average performance of any individual. For example, if CI users had steep slopes for their target fixations (Figure 2A ), but were more variable in when they transitioned, this would average to a shallow slope, which does not reflect any individual. Figures S1-S4 in Note S2 of the online supplement, which show individual fixation functions, illustrate the relationship between the average function and the individual measures. To evaluate group differences statistically, we needed an approach that is less sensitive to artifacts of averaging across participants. Thus, we fit nonlinear functions (see Figure 3 ) to each participant's averaged looks to each of the four objects as a function of time (using techniques previously applied in McMurray et al., 2010; Farris-Trimble & McMurray, 2013) and compared this parametric description of the time course of fixations across groups. It is a common strategy for participants to move their mouse to the target and then look back to the center dot while they are clicking in anticipation of the next trial. Indeed, visual inspection of fixation curves for individual participants revealed many instances of this strategy, as characterized by looks to the target item peaking and then declining. To eliminate the effects of this meaningless decline in the curve-fit analyses below, each trial ended 200 ms before the participant's response.
Target fixations. Target fixations were modeled by a logistic function predicting fixations to the target as a function of time, t ( Figure 3A ). Individual differences are captured by four parameters: the minimum asymptote b (representing base fixations), the maximum asymptote p (maximum fixations), the slope at the transition s (rate of increase in fixation), and a crossover point c (timing of fixations), as shown in Equation 1. ) ; B, cohort (TCRU and TCUU trials); C, rhyme (TCRU and TRUU trials); D, unrelated (all trials). y axis for competitor activation is on a different scale than for target activation. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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We achieved good fits for both groups of subjects (the NH group had slightly better fits, but both groups were at ceiling: average R 2 for both hearing-groups ϭ .999; t(53) ϭ 2.19, p ϭ .03). Figure 4A plots the logistic function for each group based on the average parameters within that group, a representation that is an arguably more accurate depiction of the typical participant. This can help determine whether any differences observed in Figure 2A reflect differences among individuals, and which may be artifacts of averaging. Comparison of Figures 4A and 2A suggests that the average logistic reflects largely the same differences observed in the average fixations.
The parameters for each subject were compared across hearinggroups with independent sample t tests (see Table 3 ). Because the first 300 ms of each trial were fixed at zero, we did not analyze the minimum asymptote. As the maximum asymptote is bounded by 0 and 1, we transformed this parameter with the empirical logit This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
before analysis to yield a more normal distribution (but report the more meaningful raw curve values). As Table 3 suggests, CI users had significantly fewer maximum target fixations, a significantly later crossover point, and significantly shallower slopes than NH participants.
Competitor fixations. As in McMurray et al. (2010) , competitor fixations were modeled with an asymmetrical Gaussian function ( Figure 3B , Equation 2) made up of two Gaussians that meet at the midpoint, and permit different minimum value and slope on each side.
The upper and lower functions describe the time course before and after peak fixation. The peak's location in milliseconds () and its height in proportion of fixations (h) are the same across both Gaussians. The onset and offset slopes ( 1 , 2 ) and lower minima (b 1 , b 2 ) are specified for each independently. The minima are affected by starting and ending levels of fixation, while the slopes represent the rate of increase or decrease in fixations over time.
We estimated these parameters separately for each participant and for each competitor. Cohort fixations were derived from TCRU and TCUU trials; rhyme fixations from TCRU and TRUU trials; and unrelated fixations from all four trial-types. Figure  4B -4D, again showing a pattern similar to group averages. As before, the two groups were compared on each parameter, and we did not analyze the initial lower minimum. Empirical logit transformations were applied to the peak and offset baseline parameters.
Results are shown in Table 4 . For looks to the cohort, CI users had a significantly slower (shallower) onset slope, a later midpoint, and a slower offset slope. They also had significantly higher offset baselines. The two groups did not differ significantly in peak height. Looks to the rhyme showed a similar pattern: CI users were slower than NH listeners to initially fixate the rhyme (onset slope), had a delayed midpoint, and were marginally slower to stop fixating it (offset slope). They also fixated the rhyme at offset more than the NH listeners (offset baseline). Finally, looks to the unrelated item showed that CI users had later midpoints and more offset fixations than the NH group.
Device factors. We next considered the variety of CI configurations in our sample, particularly the hybrid configuration. Because hybrids preserve some low-frequency portions of the signal, their users may receive more useful information. We performed three one-way ANOVAs on each of our curve fit measures. In the first, we compared four groups of users: unilateral users, simultaneously implanted bilateral users, sequentially implanted bilateral users, and hybrid users. There was a marginal effect of group for the unrelated offset slope parameter, F(3, 29) ϭ 2.8, p ϭ .06, but no other group differences (for all other parameters, F Ͻ 1). A second ANOVA grouped the two bilateral configurations and compared them to the two unilateral configurations. This found a significant effect of group on the unrelated offset slope parameter, F(2, 29) ϭ 4.2, p ϭ .025 and again, no other group differences (F Ͻ 1.5, p Ͼ .25 for all others). Finally, we collapsed the CI users into two groups: hybrid and other. We performed a third ANOVA and found no group differences (F Ͻ 2.6, p Ͼ .12). In general, it appears that in this sample, the type of CI used does not greatly impact our measures of lexical processing.
Summary. These analyses suggest that CI users differed from NH listeners in two primary ways. First, CI users showed an overall slowing in the time course of lexical processing, both in the rate that fixations built, and in the absolute timing of those fixations. CI users considered words at a slower rate, as is evidenced by the shallower target, cohort and rhyme onset slopes ( Figure  2A-2C) , and they were slower to suppress competitors (shallower offset slopes; Figure 2B-2D) . The absolute timing of both target and competitor functions was also delayed, indicated by later target crossover (difference of 74 ms, Table 3 ) and competitor midpoints (average difference of 61 ms; Table 4 ). CI users waited to get more information before they begin to commit to any interpretations, and they updated their candidate set more slowly. These results will be examined in more depth shortly.
Second, later in the time course, CI users fixated the target less and the competitors more than their NH counterparts. This was illustrated by lower target maxima and higher competitor offset baselines (Figure 2, Tables 3 and 4) . It is tempting to interpret this finding as weaker sustained commitment to the target and less suppression of competitors by the CI users. However, to confirm that we must show that competitors received more fixations (or less suppression) relative to other This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
items, and it is possible that CI users simply fixate everything more than their NH counterparts. In fact, CI users' incomplete suppression of competitors extended to the unrelated item (Figure 2D ), even though it is not an expected phonological competitor. Given this, when interpreting CI users' increased competitor fixations, we must be careful to account for their increased fixations to the unrelated object. If their heightened cohort fixations at the end of the time course (offset baseline) are not greater than those to the unrelated object, this may reflect greater overall uncertainty rather than cohort activation specifically. We will return to this when we examine the degree of consideration of each item below. Markers of lexical processing. Until this point, we have been comparing the timing or degree of fixations within each class of competitors to broadly characterize group differences. However, the process of lexical access is really one of considering multiple competitors simultaneously, ruling some out, and committing to others. To accurately characterize this we need to understand how competitors relate to each other. Thus, our third analysis examined specific moments in the fixation record that relate to key components of this process. We focused on three important time-points, given our understanding of lexical access. First, we determined the earliest point at which participants made more looks to the target or cohort than the unrelated item. This assesses how soon listeners begin to activate items that are consistent with the input. Next, we identified the earliest point at which participants made more fixations to the target than to the cohort. This represents the point at which information in the signal is leading listeners to begin to rule out the cohort in favor of the target. Finally, to examine whether the two groups of listeners were considering competitors to different degrees, we examined the fixations to the cohort and rhyme relative to the unrelated item at particular points in the time course, namely at the point of peak competitor fixation and at the participants' average RTs.
Early sensitivity to the signal. Our first measure asked how early can listeners make use of information in the signal to begin accessing lexical candidates. At early portions of the input, target and cohort cannot typically be distinguished, so greater fixations to either of them relative to the unrelated item would constitute evidence for signal-driven commitment to a set of lexical competitors. That is, for each participant, we estimated the time at which the sum of looks to the target and cohort items differed from the sum of looks to the two unrelated items by an absolute value of at least 0.10 for at least 50ms consecutively. 4 We analyzed only TCUU trials as looks to the rhyme typically follow a different time course. CI users disambiguated the target/cohort from the unrelated items later than the normal hearing controls (287 vs. 203 ms 5 ; t(40) ϭ 4.2, p Ͻ .001), even though the two groups did not differ significantly in the timing of their first fixation (123 vs. 113 ms; t(53) ϭ .27, p ϭ .79). That is, although both groups launched eye movements at about the same time, the CI users took longer to fixate an item that was consistent with the auditory signal, indicating that they were slower to activate the relevant lexical item. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Competitor suppression. We next asked when participants stopped fixating items that were previously candidates. This assesses listeners' sensitivity to new information in the speech signal and how quickly they can use this information to suppress competitors. We estimated the time at which looks to the target diverged from looks to the cohort. This reflects the point when phonetic information that is inconsistent with the cohort has been processed, the candidate set has been updated, and the listener is now suppressing the cohort. We employed the same 0.1 difference criterion used above and used only the TCUU trials.
By this measure, CI users ceased fixating the cohort competitor later than normal hearing listeners (347 vs. 295 ms; t(52) ϭ 3.48, p ϭ .001). This later suppression could take two possible forms. First, because CI users were slower to begin using the signal, it is possible that the duration of time over which CI users consider cohort competitors may be similar to the NH group, and it is simply shifted in time because of this delay (e.g., cohorts are active for 200 ms in both groups, but that activation begins later in CI users). Alternatively, this slower suppression may reflect an overall slowing, such that the overall timespan during which cohorts are active is longer in CI users. To disentangle these possibilities, we determined whether CI users were delayed in suppressing competitors relative to their delayed onset of activation by measuring the length of time between suppression of the unrelated items relative to the target ϩ cohort and suppression of the cohort (cohort-duration).
The two hearing-groups did not differ in cohort-duration (CI users: 60 ms, NH listeners: 92 ms; t(52) ϭ 1.42, p ϭ .16). This suggests that CI users were delayed in overall activation, but did not consider cohorts for a longer period of time-they were simply later to activate and later to suppress cohorts than NH listeners. The fact that cohort-duration was shorter for the CI users than NH listeners (though not significant) hints at the possibility that while CI users were slower to activate competitors, they may "catch up" over the course of recognition.
Degree of consideration. Finally, we assessed the apparently increased competitor fixations observed in CI users by asking how much competitors were fixated relative to unrelated items. Because fixations to the unrelated item fixations were presumably not phonologically motivated, they serve as a baseline measure of uncertainty or inattention; conversely cohort or rhyme fixations that exceed unrelated fixations indicate these items are competing for lexical activation. To examine this, we first determined specific markers in the time course for each participant (the times when cohort and rhyme fixations reached peak and the time when participants made their selection). Next we computed the proportion of fixations to the competitor and unrelated object at those time points, to establish whether participants fixated the competitor more than the unrelated item at that time.
To estimate the time of peak fixations, we first smoothed the proportion of fixations over time for each participant with a symmetrical 80 ms triangular window separately for cohorts and rhymes. We then found the maximum fixations to those objects, and determined the earliest time at which that peak occurred. Finally, we computed the proportion of fixations to that competitor and the unrelated item at that time. For the end-of-time course analysis, we found each participant's average RT and measured fixations to each competitor item at that point. We used only TCRU trials for this analysis to ensure equal opportunity for looks to each item type.
To examine the degree of consideration of each phonological competitor, the proportions of fixations to cohort and unrelated items at the time of each participant's peak fixation ( Figure 5A ) were submitted to a 2 ϫ 2 ANOVA examining hearing-group (between-subjects) and word-type (within). Proportions were Figure 5 . Proportion fixations by the CI and NH groups to (A) the cohort and unrelated items at time of peak cohort fixation, (B) the rhyme and unrelated items at time of peak rhyme fixation, (C) the cohort and unrelated items at average RT, and (D) the rhyme and unrelated items at average RT. This document is copyrighted by the American Psychological Association or one of its allied publishers.
transformed via the empirical logit. We found a significant effect of word-type, F(1, 53) ϭ 140, p Ͻ .001 with more cohort fixations than unrelated. There was no main effect of hearing-group (F Ͻ 1), and no interaction (F Ͻ 1). Thus, at the point of peak cohort fixations, both groups fixated the cohort more than the unrelated item.
A slightly different pattern was observed for rhymes ( Figure  5B) . A 2 ϫ 2 ANOVA found a significant effect of word-type on looks, F(1, 53) ϭ 56, p Ͻ .001, no effect of hearing-group (F Ͻ 1), but a significant word-type ϫ hearing-group interaction, F(1, 53) ϭ 9.8, p ϭ .003. Follow-up tests showed that both groups made more fixations to the rhyme than to the unrelated item (CI: t(28) ϭ 6.6, p Ͻ .001; NH: t(25) ϭ 3.9, p ϭ .001). However, CI users made more rhyme fixations than NH participants, t(53) ϭ 2.7, p ϭ .009, but unrelated fixations were not different, t(47) ϭ .9, p ϭ .38.
We used a similar approach to examine degree of consideration at the end of processing. Here, NH listeners should show almost no fixations to competitor objects (as they have been ruled out) and any looks by CI users would suggest difficulty ruling out certain classes of competitors. We computed proportions of fixations to the cohort, rhyme, and unrelated objects at 200 ms before each subject's average RT. These were submitted to two mixed-design ANOVAs examining word-type (cohort/rhyme vs. unrelated) ϫ hearing-group (CI vs. NH). Looks to the cohort and unrelated items showed a nearly significant effect of word-type, F(1, 53) ϭ 3.9, p ϭ .052, an effect of hearing-group, F(1, 53) ϭ 18.5, p Ͻ .001, and no interaction (F(1, 53) ϭ 1.6 p ϭ .21). Individual t tests revealed that CI users looked more to the cohort than to the unrelated object at their average RT, t(28) ϭ 2.4, p ϭ .03, but NH participants did not, t(25) ϭ .5, p ϭ .63, Figure 5C . The ANOVA examining rhymes also showed an effect of word-type, F(1, 53) ϭ 35.7, p Ͻ .001, an effect of hearing-group, F(1, 53) ϭ 45.4, p Ͻ .001 and an interaction, F(1, 53) ϭ 19.8, p Ͻ .001. CI users looked more to the rhyme than to the unrelated object at the average RT, t(28) ϭ 7.3, p Ͻ .001, but the NH group did not, t(25) ϭ 1.1, p ϭ .29, Figure 5D .
These results taken together provide a picture of lexical competition across the two groups of listeners. When the cohort was at its most active (peak fixations), both groups fixated it more than the unrelated item, and did not differ from each other. In contrast, when the rhyme was at its most active, the difference in fixations was greater for CI users than for NH listeners. Moreover, at the end of processing, the CI users fixated both the cohort and the rhyme more than the unrelated item, even while clicking on the target, whereas the NH group fixated neither.
Discussion
Overall, adult CI users and NH listeners differed in both the time course and degree of fixations for phonological competitors. CI users were slower to begin fixating targets and to suppress fixations to competitors. At the end of the time course, they also showed fewer looks to the target and more looks to the competitor than NH listeners. Given that we only examined trials in which the listeners clicked the target, this means that on many trials, CI users were clicking the target while they looked at something else. However, at the moments of peak consideration of these lexical competitors, CI users did not show any more fixations to cohort than NH controls, although there was evidence that they considered rhymes more strongly.
One surprising result was the small differences in fixations to the unrelated items. The fact that such differences were not observed throughout the whole time course rules out a simple oculomotor account, which would predict heightened fixations either early (when there is maximal uncertainty about the target), or uniformly throughout the time course, but not specifically in the second half of the time course. This raises the possibility that CI users fixated nontarget objects because they were less certain about the auditory stimulus overall, not because of fundamental differences in the time course of lexical access. However, these were accounted for by the lexical markers analyses so they cannot explain all of our results.
The overall differences between the two groups could be attributable to a number of factors. The poorer frequency resolution and loss of low-frequency information experienced by CI users may cause in-the-moment uncertainty about specific phonetic cues, resulting in later lexical activation and a somewhat more equal activation across competitors (including the target). In this case, the degraded input would be the proximal cause of quantitative difference in CI users' activation. On the other hand, the source of CI users' differences in lexical activation may lie deeper. CI users may have fundamentally reorganized their speech processing systems, an adaptation that would result in qualitatively different lexical access strategies. For example, they may actively delay their commitment to lexical items to ensure that they have sufficient input to make an accurate decision. Similarly, they may have learned that they are likely to mishear particular phonemes or phonemes at particular positions in a word, and therefore they keep competitors more active in case they need to revise their interpretations. This could account for differential effects on rhymes-if the onset phoneme was misheard, the rhyme and target would contain no further disambiguating material.
To start to tease these two possibilities apart, we conducted a follow-up experiment with NH listeners and CI-simulated speech. If the differences we saw in CI users are attributable solely to the degraded input, CI-simulated speech should produce a similar pattern of results. On the other hand, if the source of those differences is more fundamental, then we expect CI users and CI simulations to show different time courses of word recognition.
Experiment 2 Method
The design, visual stimuli, procedure, and analysis were identical to Experiment 1. The stimulus type (CI-simulated or normal speech) was a between-participants factor.
Auditory stimuli. The auditory stimuli for the normal-speech condition were identical to those used in Experiment 1. The CI-simulated speech was produced using the Tiger CIS software, which uses the continuous interleaved sampler processing strategy (http://www.tigerspeech.com, version 1.5.02). Though modern CIs have up to 22 electrodes, we simulated an 8-channel CI, as speech recognition performance in CI users seems to asymptote somewhere between 7 and 10 electrodes (Fishman, Shannon, & Slattery, 1997; Friesen et al., 2001) . The Tiger CIS software splits the signal This document is copyrighted by the American Psychological Association or one of its allied publishers.
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into bands and derives an amplitude envelope for each band, then replaces the spectral information in those bands with noise modulated by each band's amplitude envelope. Our 8 channels spanned a frequency range between 200 and 7000 Hz, with corner frequencies based on the Greenwood function (Greenwood, 1990 ) and a 24 dB/octave slope. The envelope detection used a 400 Hz cutoff frequency and a 24 dB/octave slope. The white noise carrier had the same frequency and slope as the band filter. As in Experiment 1, stimuli were presented over loudspeakers.
Subjects. There were 31 participants, 16 in the simulation (CIS) group and 15 in the normal speech (NS) group. Two additional subjects were excluded from analysis because they did not make sufficient eye movements. Participants were monolingual speakers of American English, reported normal hearing and normal or corrected-to-normal vision, and were between the ages of 18 and 30. Participants received course credit or were paid $30 for their participation.
Results

Mouse clicks (accuracy & RT)
. CIS and NS participants made errors on 1.6% of trials (SD ϭ 1.2%; range: 0.3%-4.1%) and 0.4% of trials (SD ϭ 0.3%; range: 0%-1%), respectively, t(29) ϭ 3.7, p ϭ .001. CIS participants' average RT (on correct trials) was 1490 ms (SD ϭ 124; range: 1278 -1688), whereas NS participants' averaged 1278 ms (SD ϭ 105; range: 1056 -1447; t(29) ϭ 5.1, p Ͻ .001). The degradation of the signal slowed response time and made recognition somewhat more difficult.
Gross time course of fixations. We evaluated group differences using the curve fitting techniques described above. For all object types, we obtained good fits (R 2 ϭ .981 -.999), and the fits were equally good in both groups (all p Ͼ .12). Raw proportions of fixations are shown in Figure 6 and the average fits in Figure 7 . Results of t tests on the logistic curve fits for the target are shown in Table 5 . The CIS group had significantly later crossover points and significantly shallower slopes than the NS group; the two groups did not differ in their maximum levels of fixation. Table 6 shows comparisons for the asymmetric Gaussian fits for the cohort and rhyme fixations. For looks to the cohort, CIS listeners had a significantly shallower onset slope, as well as marginally later midpoints compared with NS listeners. The two groups did not differ significantly in the other parameters. Looks to the rhyme and unrelated items showed another pattern. In both cases, CIS listeners had significantly higher offset baselines than NS listeners, but did not differ significantly elsewhere.
To summarize, CIS and NS participants differed in only a few parameters, most of which (target slope and crossover, cohort onset slope and midpoint) characterized the time course of considering and ruling out lexical candidates. The CIS group fixated the target and cohort at a slower rate (target and cohort onset slopes) and showed an overall delay (target crossover and cohort midpoint). The peak proportion of fixations to all items was equivalent between the two groups (as was observed in the CI users). However, unlike the CI users, the proportion of fixations to nontarget items at the end of the recognition process differed in the rhyme and unrelated items, but not the cohort.
Markers of lexical processing. The three markers of lexical processing examined above were also analyzed for the CIS and NS groups. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Early sensitivity to the signal. CIS listeners disambiguated the target/cohort from the unrelated items later than the NS listeners (273 vs. 238 ms; t(26) ϭ 2.5, p ϭ .02). Like the CI analysis in Experiment 1, the two groups made their first fixations at approximately the same time (CIS: 91 vs. NS: 41 ms; t(29) ϭ 1.8, p ϭ .08). However, it is important to point out the magnitude of the effect (35 ms) was less than what was observed in CI users (84 ms).
Competitor suppression. CIS listeners also suppressed fixations to the cohort later than NS listeners (363 vs. 285 ms; t(29) ϭ 3.8, p ϭ .001), but again it is possible that this derives from an overall delay in the function, rather than a specific difference in suppressing fixations to the competitors. However, as in Experiment 1, there was no difference in cohort duration: for CIS listeners the time between fixating and suppressing the cohort averaged of 90ms, while for NS listeners this was 57ms, t(29) ϭ 1.6, p ϭ .12.
Degree of consideration. Finally, we measured the proportion of fixations to the nontarget items at key landmarks in the time course. The degree of fixations to cohort and unrelated items at the time of peak cohort fixation ( Figure 8A ) was submitted to a 2 ϫ 2 ANOVA examining hearing-group (between-subjects) and word-type (within). There was a significant effect of word-type, F(1, 29) ϭ 67, p Ͻ .001 as cohorts were fixated more than unrelated items. There was no main effect of hearing-group, F(1, 29) ϭ 1.1, p ϭ .31, and no interaction, F(1, 29) ϭ 2.9, p ϭ .102. Similarly, A 2 ϫ 2 ANOVA comparing looks to the rhyme and unrelated items at peak ( Figure 8B ) showed an effect of word-type, F(1, 29) ϭ 43, p Ͻ .001 and hearing-group, F(1, 29) ϭ 5.5, p ϭ .03, but no interaction, F(1, 29) ϭ 1.0, p ϭ .32. Overall, at the point of maximum rhyme looks, participants looked more to the rhyme than to the unrelated item, and this was true in both groups, though the CIS listeners made more overall fixations to both items than the NS group (rhyme: t(24) ϭ 2.2, p ϭ .04; unrelated: t(25) ϭ 2.2, p ϭ .04).
Lastly, we computed the proportions of fixations to the cohort, rhyme, and unrelated objects at each participant's average RT ( Figure 8C and 8D ). These were submitted to two ANOVAs examining word-type and hearing-group. The cohort analysis found a significant effect of word-type, F(1, 29) ϭ 12.2, p ϭ .002, but no effect of hearing-group (F Ͻ 1) and no interaction (F Ͻ 1). The rhyme analysis showed an effect of word-type, F(1, 29) ϭ 17.4, p Ͻ .001, no effect of hearing-group, F(1, 29) ϭ 1.2, p ϭ .29, and a word-type ϫ hearing-group interaction, F(1, 29) ϭ 9.5, p ϭ In sum, CIS listeners did not differ from controls in fixations at peak cohort activation (the same pattern that we saw in the CI users and their controls). Moreover, the CIS group exceeded the NS controls in all fixations at peak rhyme activation, suggesting increased overall looking by the CIS group but not necessarily greater rhyme activation; in comparison, only the CI users' rhyme fixations (but not the unrelated fixations) exceeded those of their This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
NH controls at the same point, suggesting greater rhyme activation (relative to the unrelated item). Finally, the CIS listeners fixated both the cohort and rhyme competitors more at RT than the unrelated item, a pattern also shown by the CI users. In contrast, the NS controls fixated the cohort more than the unrelated object at RT, while the NH controls did not fixate either item at that late point.
Cross-Experiment Analyses
Thus far, we have compared the CI users to their NH controls and the CIS group to their NS controls, without making direct quantitative comparisons between the two experiments. Because the two experiments were not designed to be compared statistically, there are several differences between them that make a balanced comparison difficult. The participants in Experiment 1 were much older than the participants in Experiment 2, a comparison we discuss further in the online supplement (Note S1). Moreover, the two experiments had different numbers of participants. Nevertheless, it seemed important to determine whether the two experiments had fundamentally different outcomes.
We first examined each of the curve fit parameters with a two-way hearing-group (degraded or normal) by experiment (1 or 2) ANOVA on each of the curve fit parameters (see Table 7 ). Several important findings emerged. First, there is a significant effect of degradation for nearly every parameter. Only the peak height parameters are consistently nonsignificant or marginal. The rhyme midpoint and offset slope are also marginally significant, and the unrelated offset slope does not differ significantly by group. In general, then, it is clear that hearing degraded speech, whether from a CI or in a simulation, affects the process by which words are recognized in nearly every way, but the peak amount of competitor activation is least affected. Second, there is a significant effect of experiment on several parameters. This is presumably attributable to differences in age and sample size across the two experiments. Finally, and most importantly, there are significant or marginally significant interactions in only three parameters: target maximum, cohort offset baseline, and the rhyme midpoint. Specifically, the CI users differed from their NH controls these parameters, while the CIS group did not differ from the NS group.
We also examined how much phonological competitors (cohort and rhyme) were fixated relative to the unrelated item as a measure of competition. To determine how different types of degraded speech affected competition, we performed three-way ANOVAs on word-type (competitor vs. unrelated) ϫ hearinggroup (degraded vs. nondegraded) ϫ experiment (1 vs. 2) on the degree of consideration data. The most important of these results is the three-way word-type ϫ hearing-group ϫ experiment interaction, which would indicate that the disparity between looks to a competitor and looks to the unrelated item differed based on the form of degradation (CI vs. simulation). Across these analyses this was significant only for rhyme fixations at peak, F(1, 82) ϭ 7.3, p ϭ .008. This interaction is driven by the CI users: although all four groups of participants looked at the rhyme significantly more than the unrelated item at this point, the difference was much greater for the CI users than for the other groups.
The results of this cross-experiment analysis clearly support the assertion that degraded speech has a strong impact on lexical processing. Simply hearing a degraded signal, whether through a CI or through a simulation, influences both the timing of activation and the degree of late activation (see Table 7 ). The only parameters that were consistently unaffected by degraded speech were those describing the peak competitor looks. Degrading the signal apparently has no effect on how much a word is fixated at its peak, The evidence that using a CI resulted in different or additional changes in word recognition that could not be explained by the degraded signal alone was more mixed. Within each experiment there were a number of findings that differed. However, in this cross-experiment analysis, we found support for differences in the cohort offset baseline (the retention of cohort fixations), and marginal evidence for a reduction in peak target fixations and a later rhyme peak. In sum, we can argue definitively that hearing a degraded signal slows the course of processing and may affect some competition dynamics, but at the higher standard of this cross-experiment analysis there is not a strong statistical case for differences based on the source of that degradation. However, as we describe next, the qualitative summary in Table 8 and inspection of the figures definitely suggests differences in how the CI users behave relative to their controls and how the CIS group behaves relative to its controls.
General Discussion
The goals of these experiments were (1) to characterize the effect of degraded speech on the time course of lexical access in CI users and (2) to tease apart whether these differences are specific to the CI (including the possibility of long-term adaptation) or a more general response to degradation. Table 8 summarizes the results from each experiment; results that differ across the two experiments are in bold. With respect to the first goal, we found that CI users are slower than NH listeners to activate all words, and at the end of processing, they activate target words less (as reflected in the time course of target fixations) and competitor words more (as reflected in the degree of fixation analyses). They show more uncertainty overall, as is evident from increased looks to even the unrelated item, but that alone does not explain their increased fixations to the competitors at the end of the time course.
Experiment 2 presented degraded speech to a group of listeners for whom this type of degradation was novel. NH listeners hearing CI-simulated speech resembled the CI users in some ways. Like the CI users, the CIS group was delayed relative to the NS controls in mapping the signal to lexical candidates, specifically the target and cohort. This result raises the possibility that the delay evidenced by both groups derives from early stage perceptual processes that are impaired by the degraded stimulus. Interestingly, however, although these difference in timing as a response to degradation were clear across both experiments, signal degradation did not appear to yield an increase in how strongly candidates were active (early in processing). Although the former finding seems fairly intuitive, the latter was unexpected. However, it does appear to be consistent with some models of word recognition: simulations with TRACE (see McMurray et al., 2010) manipulating input noise do not show increases in cohort activation in response to noise.
At the same time, a comparison of the results of Experiment 1 and 2 (Table 8 ) does suggest a number of differences that may be responses to the CI rather than to degradation in general. While these should be evaluated against the mixed statistical evidence in the cross-experiment analysis, they are worth noting. Unlike the CI users, the CIS group did not show decreased target fixations at the end of the time course, and although they revealed some increased late rhyme activation, it was not as pervasive as that of the CI users. There could be two sources for this. First, while simulations can yield similar profiles of behavioral performance (speech recognition) to CIs, they each impose somewhat different degradations to the signal. Second, we speculate that this could derive from a long-term adaptation to degraded speech, and indeed we could see how reducing commitments overall could be an advantage as it would be less difficult for listeners to revise if subsequent information overrides an early choice (cf., McMurray, Tanenhaus & Aslin, 2009 for discussion). Future work should strive to flesh out these differences and their causes. • CI users and NH controls equally fast to suppress competitor once it had been activated
• CIS group and NS controls equally fast to suppress competitor once it had been activated Degree of consideration Peak Peak • Both groups fixated cohort more than unrelated
• Both groups fixated cohort more than unrelated • Both groups fixated rhyme more than unrelated, but CI users showed more rhyme activation than the NH group
• Both groups fixated rhyme more than unrelated, but the groups were equal in their degree of rhyme activation RT RT • CI users showed late cohort activation, NH group did not
• Both groups showed late cohort activation equally
• CI users showed late rhyme activation, NH group did not
• CIS group showed late rhyme activation, NS group did not This document is copyrighted by the American Psychological Association or one of its allied publishers.
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More broadly however, the effects of degradation observed in both groups were not simply quantitative. CI users and the simulation listeners partially violate many of the assumptions about lexical processing from years of research and many experimental paradigms. Whereas it is typically found that NH individuals begin activating words at the earliest sound, both CI users and the CIS group were less immediate in mapping the signal to lexical candidates, suggesting that they needed more of the degraded information to reach an equivalent degree of activation. One component of this may be the somewhat harsh onset of the processed speech that could lead to a short lag before lexical access can begin. Similar studies using words in running speech may help clarify this. Both groups were also delayed in suppressing the cohort competitors, though the time between initially activating the target and suppressing the cohort was no greater for the degraded groups than for the normal controls. This indicates that although activation under a degraded input may have been less immediate, CI users and the CIS group nevertheless updated their candidate set incrementally as they received information in real time-there simply seems to have been a delay in how long it takes for that information to impact lexical access.
In terms of competition and suppression, whereas the CI users showed sustained activation even late in the time course for both the cohort and the rhyme, the CIS group showed only sustained rhyme activation. The CI users in particular thus appear to violate the assumption that competitors are inactive by the time of lexical access. Moreover, the fact that rhymes appear to be more susceptible to this is particularly interesting given that rhyme activation is typically weaker than cohort activation (Allopenna et al., 1998; Marslen-Wilson, Moss, & Van Halen, 1996) and is sometimes not found at all (e.g., Marslen-Wilson & Zwitserlood, 1989 ). Our explanation is that whereas cohorts eventually receive some disambiguating information (e.g., the-al in sandal rules out cohorts like sandwich), rhymes do not (once a listener has committed to candle after hearing sandal, there is never any information to rule it out). Thus, if some activation is built early in the time course (perhaps because the CI user mishears the first sound of the word, which is not uncommon), there may not be any suppressing information later. Thus, it is perhaps not surprising that both groups maintain rhyme activation to some extent, as the uncertainty created by the degraded input causes it to become more active and there is no further information in the signal to rule it out. However, the fact that CI listeners continue to maintain cohort activation at RT (despite disambiguating information in the signal) suggests that the lack of disambiguating information in the rhyme is not the only explanation.
From a theoretical perspective, these findings show that the theoretical models of lexical access developed to describe word recognition in ideal listening conditions may need to be adapted in systematic ways for characterizing the perception of degraded speech. Specifically, the mechanisms by which listeners activate lexical candidates in parallel may differ when the signal is harder to recognize: they are slower, they suffer from a delay, and the degree of commitment may be modulated by learning. The next step to understanding these differences is to determine what it is about CI-degraded speech that is relevant. Is it the specific way in which this signal is degraded, with the loss of frequency resolution, formant transitions, and lowfrequency information? Or is it simply the intelligibility of the signal as a whole? Exploring the real-time parallel activation and competition processes that underlie lexical access in noise, in hard-of-hearing individuals, or in speech degraded in other ways (e.g., sinewave speech: Remez, Rubin, Pisoni, & Carrell, 1981; chimeric speech: Smith, Delgutte, & Oxenham, 2002) may reveal how the loss of different types of information in the signal affects word recognition and lexical access.
Finally, the degraded signal could affect what types of information are most relevant during word recognition. It is well known that NH listeners use a number of higher-level sources of information such as talker information, visual cues, speech rate, as well as semantic, syntactic, and discourse context, to help them recognize words. It seems likely that CI users rely on these higher-level sources of information even more than their NH counterparts, particularly as many of them do not rely on auditory input alone (e.g., Dorman, Loizou & Rainey, 1997; Kaiser, Kirk, Lachs & Pisoni, 2003; Loizou, 1998; Wong, Miyamoto, Pisoni, Sehgal, & Hutchins, 1999) . This is an important line of future study, and the visual world paradigm is in many ways ideal for this as it has a rich history of looking at the interaction of contextual constraints (e.g., the visual scene, syntax, semantics) on language understanding at multiple levels from speech perception to semantics and pragmatics (Altmann & Kamide, 1999; Chambers, Tanenhaus, Eberhard, Filip, & Carlson, 2002; Chambers, Tanenhaus, & Magnuson, 2004; Dahan & Tanenhaus, 2004; Sedivy, Tanenhaus, Chambers, & Carlson, 1999; Tanenhaus et al., 1995) . Examining the degree to which CI users rely on information at these higher levels (prosodic, semantic or syntactic cues) relative to their NH counterparts may also help illuminate other compensation mechanisms that CI users develop. In sum, it is clear that people adapt to degraded speech from the neural level up to the level of speech perception-if this adaptation also continues to the level of lexical access and beyond, then studying this process could have both theoretical and clinical benefits. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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